One of 3-D devices to achieve high density arrays was adopted in this study, where source and drain junctions are formed along the silicon fin. The screening by adjacent high fins for large sensing margin makes it hard to ion-implant with high angle so that vertical ion implantation is inevitable. In this study, the dependency of current characteristics on doping profiles is investigated by 3-D numerical analysis. The position of concentration peak and the doping gradient are varied to look into the effects on driving currents. Through these analyses, the optimum condition of ion implantation for 3-D devices is estimated.
Introduction
Recently, demand on memory devices for massive data storage is increasing, and many aspects of efforts are made to minimize the foot-prints of memory arrays and maximize the density. As a part of these efforts, various kinds of 3-dimensional devices are under study [1] . Figure 1 shows an exemplary 3-D structure for charge trap memory device.
Although the memory devices should have high program efficiency while the driving current should not be excessive for low power operation, when it comes to devices having high resistive channel due to small dimension, one should be able to maximize the drive current for efficient operations. For this reason, 3-D MOSFET structure without memory nodes was used to figure out the current characteristics independently, which makes number of considerations simple.
Double ion implantation with high angles will be helpful in making source and drain junctions of good conductivity as in Fig. 2(a) . However, the situation becomes complicated when the fins get closer for high density and taller for large sensing margin since this leads to screening against ion-implantation with high angle among silicon fins as shown in Fig. 2(b) . This leads to the variations in device characteristics consequently.
Therefore, one-time vertical ion implantation is necessary in implementation of identical 3-dimensional devices. Primary parameters determining current characteristics are expected to be implantation energy and drive-in time which correspond to peak concentration position from the junction surface and doping gradient, respectively [2] - [5] . These two factors collectively work to set up the ultimate doping profile of a 3-D MOSFET device. In this study, we investigated the current characteristics as a function of the two parameters, peak concentration position (PCP) and doping gradient, aided by 3-D numerical analysis simulation [6] .
Methodologies
We considered a MOSFET nonvolatile memory device based on the charge trap mechanism. Rendering down the structure to have a close look at the drain current, we employed a simplified MOSFET device without memory nodes as shown in Fig. 3 . This was constructed using 3-D device simulation followed by numerical analysis. We analyzed the current characteristics for devices with two different doping gradients, and a fixed implantation dose for each gradient condition. Since the peak concentration was the same as 1 × 10 20 /cm 3 for both conditions, the doses are different in those two cases. We assumed that vertical ion implantation made extrinsic dopants form a single Gaussian distribution. Also, doping gradient was determined in a way that the distance in depth direction for doping concentration to drop from 1 × 10 20 /cm 3 to 1 × 10 13 /cm 3 is controlled. We worked for two cases, 10 nm/dec and 20 nm/dec (Sects. 3.1 and 3.2). PCP stands for peak concentration position from the surface, in other words, the metal-silicon interface as shown in Fig. 4 . Also, ∆(delta), the parameter that determines the diffusivity of distribution, is 70 nm and graphically explained in Fig. 5 . As mentioned above, two process conditions where doping concentration of 1 × 10 13 /cm 3 shows up ∆ and 2∆ from the PCP were used for the analysis of current characteristics.
We considered only the vertical profile varying with the dose and implantation energy, which means that the lateral doping profiles were rather ignored. Although the laterally directional profile follows finite distributions, it was assumed that the profile is nearly Gaussian distribution and the lateral junctions do not vary eminently compared to vertical junction profile. In other words, under the same annealing condition, the lateral diffusion is out of consideration, since its change does not vary to a large degree. The vertical junction profile is the only concern. We refer the doping concentration of 1 × 10 13 /cm 3 as threshold concentration. Figure 6 shows the primary independent parameter, PCP, more graphically.
The channel length of the device is 100 nm and the thickness of the gate oxide is 3 nm. The area of the source and drain junction seen from the top surface is 50 × 50 nm 2 , which means the width of the device is 50 nm. Also, the height of the fin in the active region is 100 nm. The doping concentration of the substrate is p-type boron 1 × 10 18 /cm 3 .
Simulation Results

Steep Doping Profile (threshold concentration at x = PCP ±∆)
Since the Gaussian distribution of the implanted dopants is invariable regarding the projected range and the curvature, the junction where the implanted dopants compensates the substrate impurities (C arsenic = C boron = 1 × 10 18 /cm 3 ) also goes deep into the bulk as the PCP increases. The junction where compensation takes place matches with the surface when PCP = 30 nm, which is the reason that the upper limit of PCP was set to the value. At this point, drive current is thought to be drastically decreased by the secession between contact surface and the junction impurity regions. The lower curve in Fig. 5 illustrates this steep doping profile condition. Figure 7 shows the I d -V g transfer characteristic curves in linear region operation where V D = 0.05 V. PCP was varies from 0 to 30 nm. When the secession occurs at the surface, PCP = 30 nm, the off-current increased prominently. This behavior begins at PCP = 25 nm as shown in the figure. The increase of drain current in offstate stemmed from the hole current, which was accumulated along both sides near gate-channel interface. At the same time, GIDL (gate induced drain leakage) accounts for current rise in negative gate voltage region [7] . Whereas the off-state current increased, the saturation current decreased as the doped region began to be out of gate control, in other words, the position of compensation emerged around the surface (PCP = 25, 30 nm in Fig. 8 ). However, considering the case of PCP = 0, 10, 20 nm, where source and drain region are definitely under the control of sidewall gates, the saturation currents increased. This proves the fact that the overlapping area between control gate and doped region plays more important role in determining driving current than the exact position of threshold concentration does, under fixed dose condition, once the contact is formed.
Gentle Doping Profile (threshold concentration at x
When forming gentle doping profile, the upper curve in Fig. 5 can be inferred. In this case, current shows relatively high level, since the doping gradient was altered whereas the peak concentration was fixed to 1 × 10 20 /cm 3 . Figure 9 shows he groups of I d -V g transfer characteristic curves in linear region operation where V D = 0.05 V. PCP was varies from 0 to 60 nm. When the secession occurs at the contact surface, PCP = 60 nm, which is larger compared with that of steep doping profile as expected. Abrupt increase of off-state leakage current was observed with the PCP larger than 46 nm. Although junction doping profile is gentler, the I d -V g characteristics are very similar to the former in a sense that leakage current components caused by GIDL and hole accumulation resulted in the abrupt increase of the off-state drain current over a tentative upper limit of PCP value as can be seen in Fig. 7 and Fig. 9 .
Although the secession takes place when PCP = 60 nm, the degradation of saturation currents begins to show up around PCP = 40 nm. The saturation current roll-off can be explained by hole accumulation as well as GIDL current. The junction doping profile determined by one-time ion implantation varies with the implantation dose and energy.
When the doping profile was gently sloping, the secession occurred at the contact surface at PCP = 60 nm. Additional implantation beneath the surface with low implantation energy improved off-state current characteristics as shown in Fig. 11 . PCP of the profile due to the additional implantation was 20 nm and the gradient was the same as gentle dopant distribution. This proves the connection between surface and doped region should be guaranteed.
What really matters with regard to junction doping profile is not the doping gradient itself but rather the peak concentration position (PCP) from the silicon-metal interface. The doping gradient change also affects the maximum saturation current, as can be compared in Fig. 7 and Fig. 9 . When the device has steep doping profile as described in Sect. 3.1, the maximum saturation current is 3.25 × 10 −5 A at PCP equals to 20 nm. Also, when the device has gentle doping profile as shown in Sect. 3.2, the maximum saturation current is 4.19 × 10 −5 A at PCP equals to 40 nm. As can be inferred from this analysis, the doping gradient itself does not make a prominent change in saturation current, if once the maximizing condition is built up. The things that should be concerned are the PCP values: not the absolute value like 20 nm for the former and 40 nm for the latter, but the relative location of PCP to the length from the peak concentration to the metallurgical junction. In using one-time ion implantation, the maximum current occurs when the PCP from the interface roughly equals to 2/3 times the secession distance, distance from the metallurgical junction to the concentration peak, which is graphically interpreted in Fig. 12 . When the secession distance was 30 nm/60 nm, the maximum drive current was observed when PCP = 20 nm/40 nm, as shown in Fig. 8 and Fig. 10 , previously. Although this is qualitative analysis rather than quantitative one disregarding the effect of lateral standard deviation dependent on depth [8] , it reveals the fact that there is definitely the location where the connectivity of metaljunction interface and gate controllability over the channel electrons are collectively optimized.
Conclusions
We investigated the current characteristics of a representative 3-D MOSFET device under different implantation conditions. PCP (peak concentration position from the surface) and doping concentration gradient were considered as primary parameters to enlighten the relation between doping profile and current characteristics. Although these factors determine the drive current level, the condition for maximum current stems from another important factor, the relative location PCP to the secession distance: When the PCP reaches about 2/3 times the secession distance, the drive current is maximized. Also, we could try additional ion implantation to improve the connectivity between junction and interface.
We have come to know the key to control the current characteristics lies in the connectivity and controllability between the metallurgical junction and the metal-silicon interfaces avoiding leakage currents. These criteria can be utilized when reducing the current level for low power operation, or inversely increasing it for read operation in highly resistive memory devices of small dimensions.
